Double perovskite oxides are of interest because of their electric, magnetic, and elastic properties; however, these properties are strongly dependent on the ordered arrangement of cations in the double perovskite structure. Therefore, many efforts have been made to improve the level of cationic ordering to obtain optimal properties while suppressing antisite defect formation. Here, epitaxial double perovskite La 2 CoMnO 6 thin films were grown on top of (001)-STO oriented substrates by a polymer-assisted deposition chemical solution approach. Confirmation of the achievement of full Co/Mn cationic ordering was found by scanning transmission electron microscopy (STEM) measurements; EELS maps indicated the ordered occupancy of B-B′ sites by Co/Mn cations. As a result, optimal magnetic properties (Msat ≈ 6 µ B /f.u. and Tc ≈ 230 K) are obtained. We show that the slow growth rates that occur close to thermodynamic equilibrium conditions in chemical solution methods represent an advantageous alternative to physical deposition methods for the preparation of oxide thin films in which complex cationic ordering is involved.
Introduction
Complex oxides are a class of materials with a plethora of physical properties of strong interest for many different technological applications from catalysis to spintronics 1, 2 . In addition, there are many possibilities to tune their final physical properties by changing their microstructure (structural strain, microstructural defects, and vacancies) and doping rate. On the other hand, the spectacular advance of thin film preparation and characterization techniques has opened the possibility of engineering physical properties of oxides on the atomic scale, which allows the design of devices with new functionalities 3, 4 . In this context, transition metal oxides with a double perovskite structure have attracted considerable attention because of their unique electrical, magnetic, and elastic properties [5] [6] [7] . The simple ABO 3 chemical formula of perovskites allows for high structural and compositional flexibility, as both A and B sites can accommodate a wide variety of atomic combinations. As a result, in double perovskite (AA′)(BB′)O 3 compounds, in which the A and B sites contain more than one element, cation ordering can play an important role in determining the material properties. In particular, A 2 BB′O 6 double perovskite physical properties are strongly affected by the cationic ordering of B and B′-site sublattices, which in turn is very sensitive to the particular synthesis conditions. La 2 CoMnO 6 (LCMO) exemplifies the challenges associated with structure-property engineering of multicomponent oxide systems [8] [9] [10] [11] . When full cationic ordering is achieved, LCMO is a ferromagnetic (FM) semiconductor with a relatively high FM Curie temperature, T C ≈ 230 K, making it very attractive for thermoelectric and spintronic applications 12, 13 . FM ordering is explained by the superexchange interaction between Mn 4+ and Co 2+ according to the Goodenough-Kanamori rules [14] [15] [16] , and it is very sensitive to the cationic ordering in the B-sublattice 17 . Spontaneous cationic ordering of the B, B′-site sublattice is difficult to attain, and tedious annealing processes under a controlled atmosphere are usually required. Currently, there is no clear agreement in the literature regarding the most convenient strategy to achieve full cationic ordering, and the benefits and drawbacks of crystal growth close to/far from thermodynamic equilibrium conditions have been discussed 18 . Films prepared by chemical solution deposition methods have the final amount of material with the required stoichiometry already deposited on the substrate at the very beginning of the growth process (ex situ growth process). Therefore, it is expected that the film growth will proceed close to thermodynamic equilibrium conditions, which should promote the high crystallinity and quality of the films 19 . In contrast, physical deposition methods such as pulsed laser deposition (PLD) or radiofrequency (RF) magnetron sputtering deposition are nonequilibrium growth techniques owing to the continuous deposition of material and to the high electronic excitation, degree of ionization, and kinetic energies of the flux of atomic species incident on the substrate 18 . Specifically, in the case of LCMO, most of the results reported in the literature correspond to epitaxial thin films grown by PLD. As mentioned above, crystal growth occurs under conditions far from equilibrium, and ordered occupancy of the B and B′ positions is difficult to attain. Usually, as-grown LCMO films prepared by PLD do not exhibit high cationic ordering, making additional annealing processes in ambient oxygen necessary 10, 20, 21 . Strategies based on structural strain effects leading to the formation of two different sized B-site spaces in a rock salt arrangement have been recently proposed as a way to induce spontaneous cationic ordering of the B, B′-site sublattice in epitaxial thin films; 22 however, the results are not conclusive. High-quality LCMO thin films have also been prepared by using RF magnetron sputtering. A very narrow window for the growth of the ordered phase was identified; however, an annealing process at sufficiently high temperatures (~900°C) in an oxygen-rich atmosphere (P O2 > 400 Torr) is necessary to obtain optimal magnetic properties, which are indicative of a high cationic ordering 23 . Therefore, the precise physicochemical mechanisms that promote spontaneous B-site cationic ordering are still unknown. In this regard, control of the growth kinetics has been proposed as an effective tool to achieve spontaneous cationic ordering because B-site differences may be enhanced at the growth front 24 . For this reason, the use of chemical methods that allow thin film growth close to equilibrium conditions, in contrast to physical growth methods (PLD and sputtering), might be an interesting alternative for obtaining spontaneous cationic ordering. In fact, the growth of LCMO on (111)-SrTiO 3 (STO) substrates has been explored using metal-organic aerosol deposition (MAD) 25 , and excellent saturation magnetization (Msat) Since material properties and hence functionality strongly depend on the preparation method and processing steps, in the present work, we report the successful epitaxial growth of highly ordered LCMO double perovskite thin films on (001)-STO substrates by PAD. Epitaxial films with thicknesses in the range of 3-30 nm with excellent magnetic properties (Msat ≈ 6 µ B /f.u. and Tc ≈ 230 K) were prepared. Films are in-plane (IP) fully strained with a flat surface displaying root mean squared (RMS) surface roughness values of <1 nm. No signals were detected from secondary phases. A powerful confirmation of the spontaneous B-site cationic ordering was obtained through aberration-corrected scanning transmission electron microscopy (STEM) measurements. Atomically resolved elemental electron energy loss spectroscopy (EELS) maps made evident the ordered occupancy of B-B′ sites by Co-Mn cations, as inferred from the optimal values of the Msat and Curie temperature.
materials and methods

Thin film growth
The PAD technique relies on the use of water-soluble polymers with functional -NH 2 groups that coordinate cations and prevent their hydrolysis. The polymers used should be compatible with the metal precursors and should undergo clean decomposition upon heating 27 . The precursor solution for the growth of the LCMO thin film was prepared by mixing three separate aqueous solutions of La, Co, and Mn bound to polymers. Separate solutions were prepared using high-purity (>99.9%) metal salts of lanthanum(III) nitrate, cobalt(II) nitrate, and Mn(II) nitrate. The polymer used in the experiment was branched polyethyleneimine (PEI), average Mw~25,000, and ethylenediaminetetraacetic acid (EDTA) was used as a complexing agent; both were from Sigma Aldrich. Water used in the solution preparation was purified using a Milli-Q water treatment system.
In detail, individual solutions of the different metal ions were prepared by dissolving the corresponding nitrate salts in water and EDTA (1:1 molar ratio). PEI was incorporated into the solution in a 1:1 mass ratio with EDTA. Each individual solution was filtrated using Amicon ® filtration units (10 kDa These conditions were adjusted to produce films in the range of ≈20-30 nm. Similarly, more diluted solutions were adjusted to obtain films in the range of a few nm (3-5 nm).
The precursor solutions obtained in this way were spin coated on top of 0.5 × 0.5 cm 2 (001)-STO substrates from Crystec, GmbH, Germany. Prior to deposition, the asreceived substrates were chemically etched and thermally treated to create TiO 2 -terminated substrates with atomically flat terraces 32 . After the polymeric layer was deposited, it was annealed in a horizontal tube furnace under an oxygen flow to eliminate the presence of oxygen vacancies. The precursor films were slowly heated from room temperature to 500°C, and the ramp was stopped for 60 min to ensure that the solvent was evaporated and the polymer decomposed at a slow rate to avoid the formation of pinholes and cracks. PEI decomposes at ≈550°C, i.e., immediately before the crystallization of the inorganic film. The metal ions are released to form oxides after polymer decomposition, and higher substrate temperatures will lead to the growth of epitaxial films 27, 28 . Therefore, after the step, the samples were heated at a ramp rate of 3°C/min from 800°C to 950°C for film crystallization. The cooling ramp was also set at 3°C/min.
Characterization of the structural and physical properties
The structural properties of the epitaxial films were studied by X-ray diffraction and reflectivity using a D5000 (Siemens) diffractometer, an X'Pert MRD (PANalytical) four-angle diffractometer with monochromatic Cu-Kα1 radiation (1.54060 Å) and a Bruker D8 Advance GADDS system. Magnetization measurements were performed using a superconducting quantum interference device (SQUID; Quantum Design) as a function of temperature and magnetic field. External magnetic fields were applied both parallel (IP configuration) and perpendicular (OP configuration) to the sample plane. The diamagnetic contribution of the substrate and other instrumental contributions were properly corrected 33 . The relative error in the determination of the Msat was~5% and was mostly attributable to the error in the estimation of the film volume. The surface topography of the films was investigated by atomic force microscopy (AFM) using an Asylum Research MFP-3D microscope in tapping mode. The microstructure of the LCMO film and the B-site ordering at the atomic scale were studied using STEM in combination with EELS. Specimens for STEM were prepared by conventional methods, grinding, and Ar-ion milling. The STEM images and EELS spectral images were acquired with an aberration-corrected Nion Ultra-STEM TM 200 operated at 200 kV and equipped with a 5th order Nion aberration corrector. The particular geometry of these microscopes allows for the simultaneous acquisition of different signals from two singular detectors.
Results and discussion
After a careful optimization process (see Supporting Information), we determined the ideal growth conditions (growth temperature of 900°C, annealing time of~1 h, and oxygen flow above 0.3 l/min) to obtain the optimal magnetic properties, which were close to the theoretically expected values. Samples prepared under other conditions show depressed magnetization values.
A typical XRD pattern corresponding to an LCMO film annealed at 900°C on an STO substrate is shown in Fig. 1 . The corresponding film thickness, extracted from the Xray reflectivity measurements, is~10 nm ( Supporting  Information, Fig. S1 ). The epitaxial nature of the LCMO film is evidenced by the detection of only (001) peaks along with the corresponding STO-(001) peaks originating from the STO-(001) substrate and the K β reflection (see Fig. 1a ). An out-of-plane lattice parameter c = 3.859 Å is estimated from the high-resolution X-ray diffraction pattern of the (002) diffraction peak (see Fig. 1b) .
The film is IP fully strained with a lattice mismatch of 0.4%. The 3D reciprocal space tomography reveals the presence of superstructure peaks of the type ðhk Fig. S2 ). The epitaxial nature of the LCMO films is further confirmed by the reciprocal space maps around the STO-(103) reflection that reveal that the films grow epitaxially, cube-on-cube and fully strained with the STO substrate ( Supporting Information, Fig. S3 ).
In addition, the AFM topography images displayed in Fig. 2 show flat surfaces with an RMS surface roughness value of <1 nm, thus indicating that the samples have a high microstructural quality. Fig. 2a, b clearly shows the terrace-like morphology imposed by the conformal growth on top of the substrate steps.
The magnetic properties of a 26-nm-thick LCMO/STO thin film grown at 900°C for 60 min with an oxygen flow of 0.3 l/min are shown in Fig. 3 . Figure 3a shows the temperature dependence of magnetization (zero field cooling and field cooling measurements) in the temperature range from 10 K to 300 K under a magnetic field of H = 1 kOe applied along the IP direction. The Curie temperature Tc = 230 K was estimated from the minimum of the function (1/M)(dM/dT). No signals for the coexistence of different FM phases, as usually occurs in oxygen-deficient samples prepared by PLD or sputtering 10, 23 , are detected; thus, we assume that the samples are fully oxygenated. In Fig. 3b , the measured low temperature (10 K) Msat ≈ 5.9 μ B /f.u. and IP coercive field of Hc ≈ 10 kOe agree well with the data reported for B-site ordered LCMO bulk 34 and thin film samples 20, 23, 25 . On the other hand, samples not grown under optimal conditions show depressed magnetization values ( Supporting  Information, Fig. S4 ). Even though the XRD data cannot provide information regarding B-site cationic ordering, in addition to the improvement in the magnetic properties, the degree of crystallinity and the microstructural film quality also improve with increasing annealing time and oxygen flux, as shown in the reciprocal space maps displayed in Fig. S3 ) with empty e g orbitals and S = 3/2 mediated by oxygen anions, according to the Goodenough-Kanamori-Anderson rules [14] [15] [16] . As a result, a large theoretical saturation spin only moment, Msat = 6 μ B /f.u. and a relatively high value of T C 230 K are predicted. In this scenario, cationic disorder promotes the appearance of Mn Figure 3b also shows the strong anisotropic behavior of the samples. When the magnetic field is applied perpendicular to the sample plane (the OP configuration), saturation is reached at~30 kOe, while when the field is applied parallel to the sample plane (the IP configuration), saturation is not reached even at 80 kOe. Thus, the perpendicular-to-plane direction is the easy magnetization direction, as previously observed in samples grown by RF magnetron sputtering 23, 35 . Our previous results for samples prepared by RF sputtering indicate that the Co 2+ valence state is preferentially stabilized irrespective of the structural strain even in nonstoichiometric samples 36 . In addition, it was also shown that anisotropy in LCMO films is mainly driven by spin-orbit coupling of Co 2+ and is strain-dependent. Under tensile strain, as in LCMO films grown on STO, a strong increase in the angular contribution to the magnetic moment of Co 2+ occurs and generates a strong perpendicular magnetic anisotropy 35, 36 , as in the present case. On the other hand, M(H) loops in Fig. 3b show the typical bi-loop shape recurrent in many cases reported in the literature 10, 22 . The origin of this sudden drop in the remanent magnetization at H = 0, which has been erroneously attributed in some cases to the existence of two magnetic domains possessing different coercivities 10 -O-Mn 4+ , AF interactions occur; thus, lowering the field from saturation at H = 0 causes any antiphase regions to revert back to an antiparallel orientation with a 180°change in the spin orientation across an antiphase boundary, which would produce the observed sudden drop in the remnant magnetization. This drop is more pronounced in thinner films (Supporting Information, Fig. S5 ), indicating a larger contribution of antiphase boundaries on the magnetic hysteresis loops. Accordingly, the bi-loop features of the hysteresis cycle are not observed in samples without extended antiphase boundaries or with ordered regions separated by a blurred disordered boundary region 25 . Therefore, from the magnetic measurements, we conclude that our LCMO films present almost full Mn 4+ -Co 2+ cationic ordering. Aberration-corrected STEM images obtained for optimally grown films give further support to the high B-site cationic ordering degree of films grown by the PAD approach. As mentioned above, the particular geometry of the microscope used allows for acquiring different signals simultaneously from two singular detectors in such a way that electrons that are scattered at high angles are recorded with a high angle annular detector that produces a contrast interpretable in terms of the atomic number Z of the different atomic species. Thus, this is an effective structure imaging mode specifically for the atomic scale 37 . Simultaneously, those electrons that are scattered at much lower angles can be collected by an annular bright field (ABF) detector, which is a direct beam disk that allows the imaging of light and heavy atoms in a single STEM image, thus probing the A, B, and O sublattices of the ABO 3 -perovskite structure 38, 39 . The coherent interference of such electrons results in a phase image that presents an inverted contrast with respect to the Z-contrast images. Fig. 4a, b show a Z-contrast image of the 30-nm-thick LCMO film and a higher magnification ABF image of the LCMO structure. Both images were acquired along the [110] pseudocubic projection, which allows visualization of the BO 6 octahedral rotation and the buckling of the O sublattice of LCMO, as clearly seen in Fig. 4b . Such rippling is due to the presence of octahedral tilts along the [100] pc and [010] pc directions 8, 34 . The structure and chemistry of the material can be probed simultaneously by using another imaging detector, such as an electron energy loss spectrometer, together with the high angle annular detector. Figure 5 shows from left to right the Z-contrast image of the LCMO structure from which the spectrum image (see marked area in green) was acquired, the simultaneously acquired annular dark field (ADF) image, the atomic resolution maps of the La M, Co L, and Mn L absorption edges and the RGB image produced by overlaying the Co (in red) and Mn (in green) elemental maps. Whereas the La elemental map shows a continuous A-site contrast, both Co and Mn maps show an intensity variation in every other B-site atomic column, consistent with ordering. Indeed, the checkerboard pattern evidenced by the RGB map unambiguously demonstrates the Co/Mn ordering of the LCMO phase. Therefore, STEM images provide powerful confirmation that PAD growth promotes the desired double perovskite cationic ordering, as inferred from the optimal values of the Msat and Curie temperature.
To date, there is no clear knowledge regarding the mechanism controlling B-site cationic ordering, and efforts to attain it have been mainly focused on obtaining two well-differentiated B-sites so that different cations will spontaneously choose one of them according to steric or charge distribution criteria. In this regard, it was recently claimed that a high degree of cationic ordering can be obtained by growing LCMO on (111)-STO substrates instead of the commonly used (001)-STO 22 . It was argued that (111)-substrate growth induces an "in-plane" strain that combined with the intrinsically tilted oxygen octahedra, following the a − a − c + scheme of the P2 1 /n (monoclinic) space group 40 , generates the formation of two different sized B-site spaces in a rock salt arrangement. This particular arrangement would promote the desired double perovskite cationic ordering, resulting in excellent magnetic properties. However, authors in ref. 22 report fully strained epitaxial growth on the (111) substrate incompatible with the monoclinic crystal system but compatible with the trigonal one. It is worth mentioning that many single perovskites crystallize in the rhombohedral R3c space group (e.g., LaCoO 3 41 , LaNiO 3 42 , and La 2/3 Sr 1/3 MnO 3 43 ). Thus, this crystal system can naturally accommodate the strain imposed by the (111) orientation of the substrate with the a − a − a − octahedral tilting scheme without creating two differently sized B-site cages. In addition, it is important to remark that the conclusion regarding the higher degree of cationic ordering in samples prepared on (111)-STO substrates was derived by comparing magnetization values measured with the magnetic field applied parallel to the sample plane and that, in the case of the (001)-STO samples, corresponds to the hard magnetization direction. Therefore, the lower values of the magnetization obtained in the (001)-STO samples do not necessarily imply a lower cationic ordering but result from the strong perpendicular magnetic anisotropy present in the (001)-oriented LCMO thin films 35 . It has also been proposed that growth instabilities at the growth front may be a possible alternative to induce spontaneous B-site cationic ordering. The notable differences between thermal evaporation methods and CSD techniques represent clearly different approaches. Undoubtedly, in CSD techniques, the microstructure and orientation of the thin films can be significantly influenced by the solution and material chemistry, substrate characteristics, and annealing conditions. Moreover, in the PAD method, the direct binding between the metal and polymer stabilizes the metal complexes so that they do not experience preformation in the solution prior to polymer decomposition 44 , thus increasing the lifetime of the solution and preventing early metal oxide formation during the deposition stage. Thermogravimetric analysis indicated complete degradation of the polymer above ≈550°C, and the high thermal stability of PEI prevents the formation of the oxide film phase below this temperature. Consequently, the removal of the organic material and the crystallization of the film both take place at the same temperature 27, 28 . Furthermore, the slow decomposition of the polymer promotes the formation of the inorganic film at a very slow rate close to thermodynamic equilibrium conditions and promotes its high crystallinity and quality. Thus, the nucleation and growth processes in PAD films are substantially different from those occurring in films prepared by thermal evaporation. In the latter case, atomic species arrive at the substrate surface, typically at a temperature close to 900°C, with kinetic energies in the range from tens of eV to a few hundred eV, and they have to thermalize. Therefore, crystallization and film growth occur far from thermodynamic equilibrium conditions 45 ; i.e., surface diffusion is high and atomic species can move easily, which might make B-site cationic ordering difficult and require the use of ulterior high temperature annealing processes to improve it. In contrast, the formation and crystallization of a solid phase from liquid-based solutions requires a much smaller thermodynamic-driving force than thermal evaporation methods 18 . Thus, in films prepared by PAD, crystallization of the oxide takes place near the decomposition temperature of the polymer, i.e., 550°C, i.e., close to thermodynamic equilibrium conditions. The slow growth conditions of PAD can be much more favorable for attaining spontaneous B-site cationic ordering, as observed in our case. In fact, PAD has been revealed as a very appropriate method to prepare complex oxide phases with complex cationic ordering 28 .
Conclusions
High-quality epitaxial LCMO films have been prepared with a single one-step growth process using the PAD technique on top of STO (001)-oriented substrates. The magnetic properties of the films (Msat ≈ 6 µ B /f.u. and Tc ≈ 230 K) are indicative of almost full Co/Mn B-site cationic ordering. Further support for the existence of full Co/Mn cationic ordering is obtained by STEM measurements; EELS maps indicate the ordered occupancy of B-B′ sites by Co/Mn cations. The magnetic properties of LCMO are highly sensitive to B-site cationic ordering; therefore, obtaining full cationic ordering is fundamental for potential technological applications. To date, there is no clear knowledge regarding the mechanism controlling B-site cationic ordering, and different strategies relying on structural strain and growth instabilities have been proposed but without conclusive results. In this work, we show that the particular crystallization and growth process conditions of PAD (very slow rate, close to thermodynamic equilibrium conditions) promote the high crystallinity and quality of the films, as well as B-site cationic ordering. We believe that the obtained results show the advantage of the CSD-PAD method over physical methods (far from thermodynamic equilibrium growth) to optimize B-site ordering as well as the desirable physical properties of functional double perovskite oxide thin films. In addition, in the context where the demand for sustainable and environmentally friendly reactants and processes steadily increases, PAD is based in aqueous solutions of environmentally friendly metal salts and commercially available polymers.
